N onalcoholic fatty liver disease (NAFLD) is now recognized as the most common cause of liver disease and may be present in up to 20% of the U.S. population. 1 Expression of ferritin, the primary tissue iron-storage protein in the liver, where most extra body iron is stored, is induced in primary or secondary iron overload disorders, resulting in increased hepatic and circulating ferritin levels. 2 However, ferritin is also an acute-phase protein and can also be induced in the setting of systemic inflammation. 3, 4 Hyperferritinemia has been previously observed in obesity-related chronic inflammatory conditions, such as diabetes and metabolic syndrome. [5] [6] [7] [8] We and others have previously reported that serum ferritin (SF) may be increased in the general population in relationship to alcohol consumption, as well as in chronic liver disease due to hepatitis C and alcohol. [9] [10] [11] [12] [13] [14] [15] [16] In such conditions, SF elevation may or may not be accompanied by increased hepatic iron deposition. [10] [11] [12] 15, 16 A number of in vitro and in vivo studies in hepatocytes and liver tissue suggest that inflammatory stimuli, particularly the proinflammatory cytokine, tumor necrosis factor alpha (TNF-a), up-regulates ferritin. [17] [18] [19] [20] [21] [22] [23] This effect is additive upon the addition of iron. 24 Oxidative stress may also up-regulate ferritin, depending on the specific oxidant stimuli [25] [26] [27] [28] [29] at the level of transcription and translation. 24, 25, 27, 30 Therefore, it is plausible that SF may reflect increased disease severity in NAFLD either because of increased ongoing hepatic or systemic inflammation or increased body iron stores or a combination of these factors. Previous studies examining the relationship between SF level and histologic severity in NAFLD have found conflicting results, with some investigators reporting that SF levels are associated with increased histologic severity and the presence of NASH, whereas others have not. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] We have previously described that patients with NASH have significantly higher median SF levels, compared to those with NAFLD. 44 The aims of the current study were to examine the relationship of SF to clinical, histologic, laboratory, and anthropometric data in adult patients with NAFLD enrolled in the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN), identify whether specific threshold levels of SF would identify patients with more advanced disease, and examine the relationship between SF level, hepatic iron stores, and histologic features among these subjects.
Patients and Methods
A total of 1,635 subjects were enrolled in the NASH CRN Database, PIVENS, and TONIC studies between 2004 and 2008 per inclusion criteria described elsewhere. [44] [45] [46] Of these, subjects that did not meet the following criteria were excluded: (1) age less than 18 years at time of biopsy (368 subjects); (2) lack of liver biopsy sample for central pathology review by the NASH CRN Pathology Committee (182 subjects); (3) SF value not available within 6 months of biopsy (418 subjects); and (4) lack of NAFLD diagnosis because of less than 5% steatosis (39 subjects). The remaining 628 subjects constituted our study group. Patients with known hemochromatosis (defined as the presence of hepatic iron index [hepatic iron (lmol/g)/ age(years)] !1.9 or removal of more than 4 g of iron by phlebotomy), C282Y homozygosity for the HFE gene, or unexplained substantial hepatic iron overload (!3þ stainable iron on liver biopsy) were excluded from all NASH CRN studies. Demographic information, such as age, sex, ethnicity, and race and medical history to identify comorbidities and medications, were obtained from patient interviews during screening. A physical exam, including body-weight and height measures, was performed. Laboratory data, including hepatic, hematologic, metabolic, lipid, and serum iron assessments, were analyzed for subjects with values collected within 6 months of liver biopsy. Total dietary consumption of iron, vitamin C, tea, and coffee were determined from the Block 98 food frequency questionnaire (NutritionQuest, Berkeley, CA), and alcohol consumption was determined from the Alcohol Use Disorders Identification Test (AUDIT-C) questionnaires completed during study visits closest to the time of biopsy. 47 In addition, 552 of the 628 (88%) subjects included in this study had available hepatic iron staining, which was routinely evaluated as part of the liver histologic assessment performed centrally by the NASH CRN Pathology Committee.
Histological Assessment. Histologic features of NAFLD and iron accumulation were assessed by the Pathology Committee of the NASH CRN in a centralized consensus review format. Pathologists were blinded to all clinical, laboratory, and demographic information. NAFLD features were scored as previously described. 48 Semiquantitative grading and pattern of hepatic iron staining, using Perls' iron stain, was scored by the Pathology Committee, as previously described. 49 Statistical Analysis. The relationship between SF and variables of interest was examined with SF as a dichotomous variable, defined a priori to be practical in a clinical setting; 1.5 Â upper limit of normal (ULN) versus >1.5 Â ULN (ULN was defined as <200 ng/mL in women and <300 ng/mL in men; values were adopted from the Hemochromatosis and Iron Overload Screening Study). 50 Baseline demographic, clinical, and laboratory characteristics were recorded as number and percentage for categorical data and means and standard deviation or medians and interquartile range for continuous data. Continuous variables, including laboratory measures that were not normally distributed, were analyzed using the Wilcoxon rank-sum test. Categorical variables, including histological features such as fibrosis stage, steatosis, and lobular inflammation grade, were analyzed using either Fisher's exact or chisquare tests, where appropriate. Stepwise forward multivariate logistic regression was used to examine the relationship between threshold SF levels SF>ULN, SF >1.5 Â ULN, and SF >2.5 Â ULN and the presence of advanced fibrosis after controlling for the effect of the following variables selected a priori: age at biopsy, sex, presence of diabetes, body mass index (BMI), and alanine aminotransferase (ALT). Stepwise ordinal regression was used to examine the relationship between threshold SF >1.5 Â ULN levels and NAFLD Activity Score (NAS) after controlling for the above covariates, separately among patients with each of the three distinct hepatic iron deposition patterns. 49 Variables not independently associated with the dependant variable, using a threshold of P 0.20, were excluded from all models. All analyses were performed using Stata software (version 9; StataCorp., College Station, TX). Nominal, two-sided P values were used and were considered to be statistically significant if P < 0.05; no adjustments for multiple comparisons were made.
Results
Patient Characteristics. A total of 628 NASH CRN adult subjects (age !18 years) with biopsy-proven NAFLD (defined as >5% steatosis) and a SF measurement within 6 months of their liver biopsy were evaluated in the present study. The distribution of SF values for the study cohort is presented graphically in Fig. 1 . Subjects were divided according to sex and threshold SF value of 1.5 Â ULN (i.e., >300 ng/mL in women and >450 ng/mL in men). The majority of women tended to be in the lower range of this threshold (see Fig. 1B,D) . In contrast, males were more evenly distributed throughout each threshold group (see Fig. 1A ,C). More than half of all subjects (324 of 628) were women with SF 1.5 Â ULN. A comparison of clinical and demographic data for subjects with SF 1.5 Â ULN to those with SF >1.5 Â ULN is shown in Table 1 . Approximately 20% (128 of 628) of the study population had SF values >1.5 Â ULN. There were 84 subjects (13%) who had SF>ULN, but 1.5 Â ULN (data not shown). The majority of patients with SF >1.5 Â ULN were female (54%); however, a greater proportion of males had SF >1.5 Â ULN, compared to females (25% versus 18%; P ¼ 0.02). Increased SF was associated with lower BMI (P ¼ 0.004). There were no other significant differences in age at biopsy, race or ethnicity, or the presence of diabetes or metabolic syndrome between normal and elevated SF groups. The proportion of subjects carrying HFE mutations was not significantly different between SF categories, including SF >2.5 Â ULN ( Table 1 and data not shown).
Relationship Between Laboratory Data and SF Level. Differences in laboratory tests between patients with SF 1.5 Â ULN versus SF >1.5 Â ULN are shown in Table 2 . Patients with SF >1.5 Â ULN had higher serum aspartate aminotransferase (AST), ALT, gamma-glutamyl transferase, and direct bilirubin and lower platelet count (P < 0.02). In contrast, metabolic abnormalities, including fasting insulin, glucose, homeostasis model assessment of insulin resistance, and lipid levels, were not different between groups (data not shown). As was expected, patients with hyperferritinemia had higher serum iron studies, including iron, ferritin, and percent transferrin-iron saturation (TS), and lower total iron-binding capacity (TIBC) (P < 0.0001).
Relationship Between SF Level and Histologic Severity of NAFLD. Increased histologic severity of NAFLD was associated with higher SF values (Table 3) . A higher proportion of patients with SF >1.5 Â ULN showed increased severity of steatosis, lobular inflammation, hepatocellular (HC) ballooning, and fibrosis, compared to patients with SF 1.5 Â ULN (P 0.026). Subjects with SF >1.5 Â ULN were also more likely to have a definite diagnosis of NASH than those with SF 1.5 Â ULN (70% versus 59%; P ¼ 0.017). The proportion of subjects with advanced (i.e., stage 3 or 4) fibrosis at higher SF levels was 32% of SF >1.5 Â ULN, 42% SF >2.5 Â ULN, and 34% SF >3.5 Â ULN. To investigate whether various threshold levels of elevated SF would be independently associated with advanced fibrosis, we used a multivariate stepwise logistic regression analysis, including the following variables, selected a priori, known to be associated with severity of NAFLD: age at biopsy, sex, BMI, presence of diabetes, and ALT. Three separate models were created using SF as a dichotomous independent variable, as follows: (1) SF >ULN; (2) SF >1.5 Â ULN; and (3) SF >2.5 Â ULN. There was a progressive trend toward an independent association between increasing SF level and advanced hepatic fibrosis (Table 4 ). Both SF >1.5 Â ULN and >2.5 Â ULN were independent predictors of advanced fibrosis (odds ratio [OR], 1.67; P ¼ 0.028; OR, 2.46; P ¼ 0.005, respectively) using a logistic regression modeling controlling for BMI, age, sex, type 2 diabetes, and serum ALT. In all three models, age, BMI, and presence of diabetes were the only other variables independently associated with advanced hepatic fibrosis (P < 0.002).
Relationship of SF and Hepatic Iron Deposition Pattern. As described above, patients with elevated SF were also more likely to have increased serum iron and TS, compared to those with SF ULN. Therefore, it is possible that increased hepatic iron loading may be responsible for the increased severity of liver disease among patients with elevated SF. We have previously shown that the presence and pattern of stainable hepatic iron was associated with advanced histologic features among patients with NASH; in addition, NAFLD patients with reticuloendothelial system (RES) iron deposition were more likely to have NASH and advanced fibrosis, whereas those with HC iron were more likely to have milder disease. 49 We therefore examined the relationship between SF level and stainable hepatic iron in the current cohort using ordinal regression. SF >1.5 Â ULN was significantly associated with greater iron content in both RES (OR, 2.22; 95% confidence interval [CI], 1.78-2.76; P < 
Discussion
We have shown, in the present study, that SF has value as a noninvasive marker in identifying patients with NAFLD who are at increased risk of more advanced disease, as indicated by a higher NAS, even among patients without hepatic iron deposition. Furthermore, we have found that SF >1.5 Â ULN is Each SF ULN cutoff was modeled individually, including potential confounding variables age, sex, BMI, ALT, and presence of diabetes using stepwise forward multivariate logistic regression. Variables not independently associated with the advanced fibrosis on univariate analysis using a threshold value of P 0.20 were excluded from all models.
Abbreviations: SF, serum ferritin; ULN, upper limit of normal; OR, odds ratio; CI, confidence interval; BMI, body mass index.
independently associated with increased risk of advanced fibrosis in NAFLD patients. Our results indicate that use of a SF value >1.5 Â ULN can add diagnostic value to the evaluation of patients with NAFLD. Unlike other case-control or epidemiologic survey studies making comparisons to nondisease control subjects, we did not find any differences in the presence of diabetes or metabolic syndrome between healthy and elevated SF groups, presumably because of the large proportion of NASH CRN subjects with these conditions. 5-8 BMI and SF were inversely related in our study. We speculate that this may be related to the production of hepcidin, the iron-regulatory hormone, from adipose tissue. 51 Hepcidin reduces iron absorption and recycling by binding to and internalizing the iron export protein ferroportin in enterocytes, macrophages, and hepatocytes. 52 Therefore, patients with higher BMI, and thus more body fat, would have more circulating hepcidin as a result of secretion from an expanded fat mass. This, in turn, would result in lower body iron stores and an associated decreased SF level.
A number of previous studies have examined the frequent presence of hyperferritinemia with or without increased hepatic iron storage in patients with NAFLD. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] It was suggested that increased hepatic iron stores, possibly via mutations in HFE, the hemochromatosis gene, may lead to NASH and advanced fibrosis in NAFLD via increased oxidative stress. 53 In addition, recent murine studies suggest that hepatic iron loading or Hfe mutations, in combination with a high-fat diet, result in up-regulation of genes involved in cholesterol or lipid biosynthesis, providing another mechanism relating iron with NAFLD. 54, 55 Another early study suggested that a large proportion of subjects referred for evaluation of hyperferritinemia had NASH, increased hepatic iron stores, features of metabolic syndrome despite normal TS, and absence of HFE mutations. 34 The emerging understanding of the intersection between abnormal iron metabolism and NAFLD has proven more complex, demonstrating that many patients with NAFLD had increased SF levels in the absence of increased hepatic iron stores or increased prevalence of HFE mutations. 31, 32, 34, 42, 49, 56 In the current study, hyperferritinemia was associated with a higher HC and RES iron stain grade; however, there was no association with HFE genotype and SF >1.5 Â ULN was associated with a higher NAS, even among subjects negative for iron staining. In comparison, Bugianesi et al. found SF to be a marker of increased histologic severity, but not of increased hepatic iron concentration. 32 Most NAFLD patients in their study were lean males, and information about features of metabolic syndrome was not reported; finally, SF elevations appeared to be modest, compared to the current series. The U.S. population enrolled in the NASH CRN studies, by contrast, is predominantly overweight or obese and has features of metabolic syndrome. [44] [45] [46] These may explain the differences among our studies. It is noteworthy that the clinical and demographic features of a more recent cohort study from Italy examining risk factors for NASH and advanced fibrosis appear much more similar to the NASH CRN. 35 The investigators describe a similar relationship between multiples of SF level >ULN, NASH diagnosis, and severity of hepatic fibrosis. Although the relationship between SF level and advanced histologic features was not examined separately among patients with and without stainable iron, the similarities between these two studies suggest that our results may be applicable to other populations with NAFLD. In fact, recent studies in smaller cohorts from Japan and the UK have found similar results. 38, 42 Although several previous reports have attempted to create discriminant models to identify the presence or absence of severe disease, these are not widely used because of the need for specialized data (i.e., type IV collagen 40 ) or the need for use of a complex model that requires multiple variables. 33, 57 Although SF has been identified as an independent marker for advanced fibrosis in regression models, previous studies have not examined whether threshold SF levels may provide value to clinicians. The current study provides evidence that SF may be a simple, useful adjunctive marker to clinicians in evaluation of patients with Mean NAS values are shown for subjects above and below SF 1.5 Â ULN according to each hepatic iron deposition pattern, including subjects without iron deposition: HC, RES, and mixed HC/RES groups. Significant differences between groups, determined using multivariate ordinal regression modeling after controlling for covariates BMI, age, sex, type 2 diabetes, and serum ALT level, are indicated by arrows. Standard deviations are indicated by the error bars.
NAFLD. Another novel aspect of our study is the observation that elevated SF may identify patients with NAFLD who have more severe disease independent of the presence of iron overload. Furthermore, among patients with stainable hepatic iron, elevated SF was a marker for more severe disease.
It is unclear whether hyperferritinemia in NAFLD is simply a consequence of disease severity or actively contributes to disease progression in NASH. Indeed, a number of signals thought to mediate NASH pathogenesis are also known to up-regulate ferritin, including proinflammatory cytokines TNF-a, [17] [18] [19] 23 interleukin (IL)-1b, 18, 20, 23 and nuclear factor kappa light-chain enhancer of activated B cells (NFjB) 21, 22 and oxidative stress. [25] [26] [27] [28] [29] However, recent research suggests that there are a number of potential mechanisms whereby ferritin could actively contribute to NASH pathogenesis. For example, ferritin has been shown to inhibit the secretion of apolipoprotein B in vitro, 58 an observation that may, in part, explain the association between ferritin level, degree of steatosis, and increased NAS in this study through decreased very-low-density lipoprotein secretion and increased lipotoxicity. 59 Hepatocytesecreted ferritin has been shown to promote Fas-mediated apoptosis. 60 Interestingly, a recent study has demonstrated that ferritin can act as a proinflammatory cytokine in activated hepatic stellate cells, in an ironindependent fashion, through induction of a signaling cascade involving phosphoinositide 3-kinase, protein kinase Cf, mitogen-activated protein extracellular signal-related kinase 1/2, and mitogen-activated protein kinase. 61 This, in turn, resulted in phosphorylation of IjB kinase a/b, activation of the p50/p65 NFjB heterodimer, and the subsequent increased expression of NFjB-responsive genes known to be involved in hepatic fibrogenesis, including IL-1b, inducible nitric oxide synthase, regulated on activation normal T cell expressed and secreted, and intracellular adhesion molecule 1. 61 In summary, ferritin may be intimately involved in many important processes related to NASH pathogenesis, including inflammation, apoptosis, oxidative stress, lipid transport, and fibrogenesis. SF has also recently been shown to be a predictor of mortality in patients with end-stage liver disease (ESLD), both before 62, 63 and after liver transplant. 63 Using SF cut-off values similar to the present study, these large, multicenter studies have shown that hyperferritinemia with ESLD from all etiologies is associated with increased mortality after adjusting for a variety of potential confounding variables.
We recognize limitations to the current study. It can be argued that the threshold SF levels were arbitrarily selected. This is an inherent limitation with any study using ''cutoff'' levels. However, we set these threshold levels a priori and not from a post-hoc analysis. Though we have adjusted the ULN in this study to be sex specific, we recognize that, in practice, the ''normal'' reference range does vary somewhat between clinical labs and may also be influenced by age-facts that should be kept in mind when interpreting absolute SF values in NAFLD patients.
In summary, we have shown that elevated SF >1.5 Â ULN is associated with hepatic iron deposition, a diagnosis of NASH, and worsened histologic activity and is an independent predictor of advanced hepatic fibrosis among patients with NAFLD. We suggest that SF, an inexpensive, convenient clinical test, should be included in the laboratory evaluation of NAFLD patients.
